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A B S T R A C T
Representing the net freshwater flux at river mouths is challenging for global and regional scale oceanmodelling. Although rivers are well known to affect both the coastal and basin-wide circulation and dynamics,coarse resolution ocean models cannot resolve the estuarine dynamics and are usually forced at river outletsin a simplistic way, with climatological runoff and zero or constant salinity values. The aim of this study is toprovide a more realistic representation of the estuarine water inputs to a coarse but eddy-resolving regionalmodel.First, the river volume transport and salinity values at the outlets are modelled with three different EstuaryBox Models (EBMs) for stratified estuaries: the Knudsen relations model, a published EBM, called UCONN-NCAR EBM, which parameterizes the tidal inflow and mixing inside the estuary, and a new model, calledCMCC-EBM. The CMCC EBM has been conceived to represent the estuarine processes coupled to a mesoscaleresolving hydrodynamic model that resolves the entering flow field at the estuary mouth and it offers a newrepresentation of the tidal inflow and a new salinity tidal mixing parameterization via horizontal diffusiveprocesses.The Ofanto and Po rivers flowing into the Adriatic Sea (northern part of the central Mediterranean Sea)are selected as case studies. The coupling of the eddy resolving ocean model to the CMCC EBM is found tooutperform the one with the UCONN-NCAR EBM in the region of freshwater influence on the shelf areas.
1. Introduction
Over the past decades several theoretical as well as modelingstudies (e.g. Chapman and Beardsley, 1989; Simpson et al., 1993;Kourafalou et al., 1996; Yankovsky and Chapman, 1997; Kourafalou,1999; Garvine, 1999; Schiller and Kourafalou, 2010; MacCready andGeyer, 2010; among the others) have highlighted that the freshwaterdischarge dominates the dynamics of the shelf areas adjacent to estu-aries, known as Regions of Freshwater Influence (ROFIs), by producinga ‘‘buoyant river plume’’, which consists of an offshore bulge and acoastal alongshore current due to the geostrophic adjustment.More recent studies (e.g. Garvine and Whitney, 2006; Hordoir et al.,2008; MacCready et al., 2009; MacCready and Geyer, 2010 among oth-ers) have examined the role played by the ocean salty waters intrudinginto the estuaries, demonstrating that this intrusion drives the estuarinewater exchange thus affecting the net estuarine outflow and salinity
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values. The connection of the estuary stratification with the coastal dy-namics has been investigated and the forcings that determine the shapeand intensity of the buoyant plume have been identified. The plume dy-namics were found to be strongly tidal in the ‘‘near-field plume’’ (Jirkaet al., 1981), which is the area immediately outside of the river mouthcorresponding to the excursion length of the ebb tides. Winds also affectthe river plume: downwelling winds facilitate the homogenization ofthe water column and tend to turn the plume into an along-shorecurrent, while upwelling winds promote the water stratification andoffshore drift (Chao, 1987). The role of wind stress is demonstrated toprevail over tides as the buoyant river inflow moves far from the outletin the so named ‘‘far field plume’’ (MacCready et al., 2009).Previous studies have focused on the effects of the freshwaterdischarge on the shelf and coastal circulation and dynamics, whilefewer show their basin-wide effects. Among them, Rahmstorf (1995)speculated that an increasing freshwater inflow in the northern Atlanticis potentially able to reduce or even shut down the local overturning
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circulation. Skliris et al. (2007) demonstrated that the salinity increaseobserved in the Western Mediterranean dense water during 1965–2005 can be explained by about 50% from the salinity increase ofthe Levantine Intermediate Water due to damming of Black Sea andthe Nile river. The remaining part is explained locally, and due to thereduction of the Ebro River runoff. Coles et al. (2013) showed thatthe Amazon River release has pathways into the western tropical andsubtropical gyres of the North Atlantic. Verri et al. (2018) showed thatriver runoff affects the strength of the overturning circulation of theCentral Mediterranean Sea, enhancing the amplitude of the secondaryestuarine cells and reducing the intensity of the dominant anti-estuarinecell. Rivers are also demonstrated to reduce the volume of Adriaticdense water in the Southern Adriatic Sea of about 20% as a result ofincreased water stratification. Moreover, Tseng et al. (2016) and Sunet al. (2019) showed the impacts of different choices of freshwaterinputs in an earth system climate model, concluding that river salinityeffects are important at basin scale.The above-mentioned studies indicate that global and regionalocean models require a good representation of the net freshwaterrelease at river outlets. Global and regional ocean models cannot re-solve the estuarine dynamics, due to low resolutions that cannot reachthe spatial scales of the estuarine geometry and processes. Recentlythe University of Connecticut (UCONN) and the National Center forAtmospheric Research (NCAR) have jointly developed a reduced orderEstuary Box Model (EBM) which interfaces the upstream river runoffwith the ocean through a two-layer box model which represents theestuarine dynamics (Sun et al., 2017).In this paper we compare the UCONN-NCAR EBM to a new estuarybox model, the so-called CMCC EBM we developed at CMCC Founda-tion (Euro-Mediterranean Center on Climate Change), to be coupledexplicitly with an eddy resolving mesoscale ocean general circulationmodel as described below.The latter offers a new representation of the volume and salt con-servation equations for three main reasons: (1) the CMCC EBM isconceived for coupling with regional eddy-resolving models which areexpected to represent the advective dynamics near the river mouthsbetter than low resolution, 𝑂(10–100 km), climate models which havebeen used with the UCONN-NCAR EBM; (2) the mixing due to tidalprocesses is parameterized by a turbulent salt diffusion parameter;(3) the tidal pumping enters both the volume and salt conservationequations through the flood tide inflow and the ebb tide outflow. Thelatter is embedded in the unknown estuarine outflow.To show the impact of the EBM volume flux and salinity valueson the quality of an ocean simulation, we applied the results of theEBMs to a regional ocean model in the central Mediterranean Sea and inparticular to two estuaries in this area. The first is the highly-stratifiedestuary of the Ofanto river, which flows through Apulia in southernItaly and ends in the Southern Adriatic Sea. The second is the partiallymixed delta of the Po river, one of the main rivers in Europe whichdischarges into the northern Adriatic Sea. For the Ofanto test case wecompare an explicitly resolved estuary with the results of the two EBMs.For the Po test case we compare with open and free access observationsof opportunity. This comparison is capable to differentiate among thetwo EBMs and the climatological fixed salinity approach with respectto simulating the river discharge and its associated salinity.The final aim was to show that EBM inputs can in fact improve theshelf salinity in the vicinity of estuaries with respect to climatological,fixed salinity simulations.The paper is organized as follows. Section 2 describes the threeestuarine models. The method used to couple them to the regionalocean model is introduced in Section 3. Section 4 presents the selectedcase studies. The results of both the estuarine dynamics and the coastaldynamics are discussed in Sections 5 and 6. The summary and theconclusions are presented in Section 7.
2. The estuary box modelling
The presented study is placed in the framework of developing aconceptual and numerical modelling approach to simulate the effectsof rivers on the coastal circulation in eddy-resolving general circulationmodels. The km-scale models cannot explicitly resolve the estuarydynamics; thus the idea of an ‘‘estuary box model’’ which transformsfreshwaters and river discharges into estuary mouth volume and salin-ity fluxes was developed by Sun et al. (2017). The concept is as follows:at the river mouth, stratification can be relevant and the discharge isdifferent from the river runoff far upstream, where the dynamics aredriven by precipitation, hydrology and river geometry. The stratifica-tion and transport field at the estuary mouth can be approximated bytwo layer flow in several cases, where the lower layer enters the estuaryand the upper layer discharges into the coastal area. The EBM givesthe values of water volume flux and salinity at the river mouth, whichin turn affects the coastal ocean dynamics. The precise analytical andnumerical formulation of the boundary conditions in the ocean generalcirculation model are given in Section 3.Three approaches for representing the estuary dynamics are con-sidered: the simplest model is based on Knudsen’s relation (Knudsen,1900), the second on the UCONN-NCAR EBM (Sun et al., 2017) andthe last on a new box model developed at CMCC and presented in thispaper, the CMCC-EBM.All the EBMs assume that the estuary region is a two-layer rectan-gular box with constant width 𝐿𝑦, depth 𝐻 and length 𝐿𝑥, as shownin Fig. 1. The estuary head is considered as the last section along theriver network moving in the downstream direction where the salinityis still equal to zero and the estuary length, 𝐿𝑥 is set as the distancebetween the estuary head and the mouth. The estuary width, 𝐿𝑦 is theapproximate estuary width or the width of the delta area, if severalmouths are present for the same upstream conditions. The estuarydepth, 𝐻 , is chosen as a compromise between the river depth and thenear mouth shelf bathymetry. The cross sections at the estuary mouthand the estuary head are open.All the models are laterally and along channel averaged, steady-state and tidally averaged. The tidal cycle, i.e. the lunar day, includesboth the flood tide and the ebb tide phases. It is about 50 min longerthan the solar day thus we approximate with the solar day in this study.The average over the tidal cycle is fully consistent with the estuariesclassified as ‘highly stratified’ or ‘partially mixed’ (Fischer et al., 1979).In fact, these estuaries maintain the stratification over the tidal cycle.They may become unstable and mix only during the late ebb-tidephase (Geyer and Smith, 1987). A different treatment will be requiredin the future to consider ‘well mixed’ estuaries which might produce adestratified water column over the tidal cycle (MacCready and Geyer,2010). The heat flux, precipitation and wind stress are not consideredat this stage, although we know that their effects are relevant for somerivers (Chen and Sanford, 2009; Scully et al., 2005; Schroeder andWiseman Jr., 1986). Furthermore, in this work we do not considertemperature effects because the estuary dynamics is, to the first order,dominated by salinity exchanges.
The Knudsen’s model. The Knudsen’s relation consists of two conserva-tion equations for the volume and salt fluxes under the assumptions of(i) a rigid lid, and (ii) incompressible fluid. The model sketch is drawnin the top panel of Fig. 1. We hereafter refer to this model as KnudsenEBM.The Knudsen’s relation considers the following physical processes:the riverine water inflow at the estuary head, the ocean water inflowthrough the lower layer at the estuary mouth and the estuarine wateroutflow through the upper layer. The tidal effects and mixing processesare ignored in the equations, the upper layer salinity is generatedinstantaneously by unresolved processes in order to balance the saltinflow in the lower layer.
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Fig. 1. Sketch of the three Estuary Box Models (EBMs) used in the paper: Knudsen relations model (top panel A), UCONN-NCAR EBM (middle panel B) and CMCC EBM (bottompanel C). The volume fluxes entering or exiting the box along with their salinities and densities are represented by arrows. Black arrows stand for input values from the oceanand river models, red arrows for the unknowns solved by the EBM. The pairs of blue arrows represent the tidal mixing, pairs of upward light-blue arrows stand for the shearmixing at the layer interface.
The conservation equations for the volume flux (m3∕s) and thesalinity, averaged over the box and in time, are as follows:
𝑄𝑒𝑏𝑚𝑢𝑙 = 𝑄𝑟𝑖𝑣𝑒𝑟 +𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 (1)
𝑆𝑒𝑏𝑚𝑢𝑙 𝑄
𝑒𝑏𝑚
𝑢𝑙 = 𝑆
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 (2)Quantities in (1) and (2) are distinguished between inputs and un-knowns. The subscripts ‘‘ll’’ and ‘‘ul’’ stand for ‘‘lower layer’’ and ‘‘upperlayer’’ respectively. The volume flux and salinity of the outflowingestuarine water, 𝑄𝑒𝑏𝑚𝑢𝑙 and 𝑆𝑒𝑏𝑚𝑢𝑙 , are considered as unknowns, while the
𝑄𝑟𝑖𝑣𝑒𝑟, the volume flux of the river inflow at the estuary head, 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 and
𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 , the volume flux and salinity of the ocean water inflow throughthe lower layer at the estuary mouth, are inputs.Eq. (1) is obtained starting from the continuity equation with a rigidlid assumption and Eq. (2) is derived from the salinity equation understeady state conditions without considering diffusion.
The UCONN-NCAR EBM. The 2-layer steady state UCONN-NCAR EBM(Sun et al., 2017) is based on the concept of the potential energyanomaly proposed by Garvine and Whitney (2006). The model assump-tions are (i) no surface layer forcing, (ii) incompressibility and (iii)
hydrostatic balance. A sketch of the model is shown in the middle panelof Fig. 1.The physical processes described are the riverine water inflow atthe estuary head, the ocean water inflow through the lower layer at theestuary mouth, the estuarine water outflow through the upper layer atthe mouth, the tidal pumping over a whole tidal cycle including theflood and the ebb tide, the tidal mixing at the bottom and the shearmixing at the layer interface.The model consists of four equations: the continuity equation forthe volume flux, the salinity equation which includes a parametrizationof the tidal pumping, a Potential Energy (PE) equation, and a linearequation of state for seawater. The equations, averaged over the tidalcycle, are:
𝑄𝑒𝑏𝑚𝑢𝑙 = 𝑄𝑟𝑖𝑣𝑒𝑟 +𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 (3)
𝜌𝑒𝑏𝑚𝑢𝑙 𝑄
𝑒𝑏𝑚
𝑢𝑙 = 𝜌
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 + 𝜌0𝑄𝑟𝑖𝑣𝑒𝑟 + (𝜌
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 − 𝜌
𝑒𝑏𝑚
𝑢𝑙 )𝑚𝑡𝑖𝑑𝑒𝑠𝑄
𝑡𝑖𝑑𝑒𝑠
𝑢𝑙 ∕2 (4)
𝑃𝐸𝐹𝑢𝑙 = 𝑃𝐸𝐹𝑟𝑖𝑣𝑒𝑟 + 𝑃𝐸𝐹𝑙𝑙 + 𝑃𝐸𝐹𝑡𝑝 + 𝑃𝐸𝐹𝑡𝑚 + 𝑃𝐸𝐹𝑠𝑚 (5)
𝜌 = 𝜌0(1 + 𝑘𝑠𝑆) (6)
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The subscripts ‘‘𝑡𝑝’’ and ‘‘𝑡𝑚’’ represent tidal pumping and tidal mixingrespectively. The subscript ‘‘𝑠𝑚’’ represents the shear mixing term.
𝑄𝑡𝑖𝑑𝑒𝑠𝑢𝑙 is the tidal volume flux that exits the upper layer during the ebbtide, 𝑚𝑡𝑖𝑑𝑒𝑠 is the ratio between the areas of advected volumes duringebb or flood tide, 𝑘𝑠 = 7.7 ∗ 10−4 psu−1 is the haline contractioncoefficient (Garvine, 1999) and 𝜌0 = 1000 kg m−3 is the freshwaterreference density. Using Eq. (6) the upper and lower layer densities aredefined: 𝜌𝑒𝑏𝑚𝑢𝑙 = 𝜌0(1 + 𝑘𝑠𝑆𝑒𝑏𝑚𝑢𝑙 ) and 𝜌𝑜𝑐𝑒𝑎𝑛𝑙𝑙 = 𝜌0(1 + 𝑘𝑠𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 ).The UCONN-NCAR EBM formula for the average tidal volume fluxduring half a tidal cycle reads: |𝑄𝑡𝑖𝑑𝑒𝑢𝑙 | = 𝑄𝑜𝑐𝑒𝑎𝑛𝑡𝑖𝑑𝑒𝑓 = 2 𝑢𝑡𝑖𝑑𝑒𝜋 𝐿𝑦 𝐻2 with
𝑢𝑡𝑖𝑑𝑒 = 𝐴
√
𝑔∕𝐻 , where 𝐴 is the tidal amplitude.The Potential Energy Flux terms, PEF (units of J/s), are detailedin Sun et al. (2017) and are not reproduced here.The outflowing volume flux through the upper layer 𝑄𝑒𝑏𝑚𝑢𝑙 , thesalinity of outflowing water 𝑆𝑒𝑏𝑚𝑢𝑙 and the volume flux of the oceanwater entering the lower layer 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 are the unknowns for this model,while the river volume flux at the estuary head, 𝑄𝑟𝑖𝑣𝑒𝑟 and the salinityof inflowing ocean water through the lower layer, 𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 are providedas inputs.The tidal pumping effects are inserted in the last term of the RHSof Eq. (4) and the third term of the RHS of Eq. (5). The tidal mixingis included in the fourth term of the RHS of Eq. (5) and the shearmixing is represented in the last term of the RHS of Eq. (5). The detailedexplanation of each of them can be found in Sun et al. (2017). Here itis only important to recall that the flood tide is considered to enterthe estuary through both layers, while the ebb tide outflow involvesthe upper layer only (Simpson et al., 1990). Moreover the volumefluxes at the mouth during flood and ebb tides are also simplified asin Stommel and Farmer (1995). This means that there is no net volumeflux due to tides in the continuity equation, while ebb and flood tideshave a specific effect in the salinity and PE equations because of thedensity differences between waters removed and introduced at ebband flood times. The assumption of a net tidal volume flux equal tozero is not necessarily true. Moreover, the empirical formula used torepresent the flood tide inflow and the ebb tide outflow generalizethe ones proposed by Stommel and Farmer (1995): the flood tideinflow can vary from a semi-ellipse to a semi-circle form, while theebb tide outflow has a rectangular jet-like form. The coefficient 𝑚𝑡𝑖𝑑𝑒𝑠in Eq. (4) comes out from this geometrical simplification and requirea quite complex calibration. These assumptions on the tidal pumpinglimit the performance of the model when applied to poorly monitoredestuaries. In addition present day tidal models, such as the OregonState University Tidal Prediction Software (OTPS, Egbert and Erofeeva,2002) used in this study to force the CMCC EBM, resolve the tidalcoastal dynamics up to few km. A new representation of the flood tideinflow and the ebb tide outflow without any parameterization is thenintroduced in the CMCC-EBM, as described in the following section.
The CMCC EBM. A new EBM is developed in this paper, from thebasic assumption that the lower layer salinity and volume inflow arespecified by the eddy resolving ocean model near the coasts. Thebarotropic volume inflow due to tides comes from the OTPS (Egbert andErofeeva, 2002) barotropic model because the eddy resolving oceanmodel used here does not include tides. The basic equations used arethe continuity equation within the incompressible assumption and thesalinity conservation equation as in the case of the UCONN-NCAR EBM.However, we do not need a third equation for the potential energy asin the UCONN-NCAR EBM because we have a total of two unknowns,the upper layer volume flux and the upper layer salinity. Furthermore,we add the tidal inflow in the continuity equation and in the salinityconservation equation and we parameterize the tidal mixing in thesalinity equation in a different way of UCONN-NCAR EBM. The modelsketch is drawn in the bottom panel of Fig. 1.The tidally averaged equations are as follows:
𝑄𝑒𝑏𝑚𝑢𝑙 = 𝑄𝑟𝑖𝑣𝑒𝑟 +𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 +𝐻𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓 (7)
𝑆𝑒𝑏𝑚𝑢𝑙 𝑄
𝑒𝑏𝑚
𝑢𝑙 = 𝑆
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 + 𝑆𝑜𝑐𝑒𝑎𝑛𝐻𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓 +𝐾𝑆𝐻𝐻𝐿𝑦
𝑆𝑜𝑐𝑒𝑎𝑛
𝐿𝑥
(8)
The inputs are the volume flux 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 and salinity 𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 , the depthaveraged ocean salinity 𝑆𝑜𝑐𝑒𝑎𝑛 at the estuary mouth, the tidal velocitynormal to the estuary mouth 𝑢𝑡𝑖𝑑𝑒𝑓 and the river volume flux 𝑄𝑟𝑖𝑣𝑒𝑟at the estuary head. The volume flux 𝑄𝑒𝑏𝑚𝑢𝑙 and salinity 𝑆𝑒𝑏𝑚𝑢𝑙 of theoutflowing estuarine water through the upper layer are the modelunknowns.We describe the ocean water inflow as a baroclinic bottom inflow(second term on the RHS of Eq. (7) and first term on the RHS of Eq. (8))and a barotropic tidal inflow during the flood tide phase (third termon the RHS of Eq. (7) and second term on the RHS of Eq. (8)). Wedescribe the tidal mixing by considering that the horizontal diffusionof salt along the estuary (last terms on the RHS of Eq. (8)) is driven bythe tides. We represent the river inflow at the estuary head as a volumeflux (first term on the RHS of Eq. (7)) with zero salinity.Appendix A provides a comprehensive demonstration of the govern-ing equations of the CMCC EBM.Unlike in the UCONN-NCAR EBM, the 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 = 𝐻2 𝐿𝑦𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 is treatedas an input variable calculated from the daily ocean velocity providedby the eddy resolving ocean model, 𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 , considered to be positive ifit is landward oriented, and equal to zero if seaward oriented. Thus,
𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 is the averaged horizontal velocity component in a box next tothe river mouth as detailed in Section 4.With regard to the tidal pumping, we follow the theoretical ap-proach proposed by Simpson et al. (1990) with a barotropic tidalinflow during the flood tide 𝑄𝑜𝑐𝑒𝑎𝑛𝑡𝑖𝑑𝑒𝑓 = 𝐻𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓 and a stratifiedoutflow (through the upper layer) during the ebb tide, as done in theUCONN-NCAR EBM. However we do not assume that the tidal pumpinginflow/outflow has the same amplitude, thus there is a tidal pumpingterm in the continuity equation.We also physically solve the tidal pumping with no empirical for-mula (the full derivation is shown in Appendix A) and we providethe barotropic velocity corresponding to the flood tide, 𝑢𝑡𝑖𝑑𝑒𝑓 , whilethe outgoing tidal velocity during the ebb tide is embedded in theunknown estuarine water outflow 𝑄𝑒𝑏𝑚𝑢𝑙 . The 𝑢𝑡𝑖𝑑𝑒𝑓 is computed from thehourly outputs of the OTPS (Egbert and Erofeeva, 2002), considered asflood tide values if landward oriented and averaged daily. The floodtide volume flux is thus given by 𝑄𝑜𝑐𝑒𝑎𝑛𝑡𝑖𝑑𝑒𝑓 = 𝐻𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓 . The horizontalmixing coefficient for salt is computed following Banas et al. (2004):
𝐾𝑆𝐻 = 0.035𝐿𝑦 𝑢𝑡𝑖𝑑𝑒𝑓 .It is worth to point out again that the CMCC EBM receives asinput the lower layer transport from the mesoscale resolving generalcirculation model. Thus, it does not need a third conservation equationto solve for the lower layer volume inflow. In CMCC EBM only fourparameters (the geometry coefficients 𝐿𝑦, 𝐿𝑥, 𝐻 and the turbulentdiffusion coefficient 𝐾𝑆𝐻 ) need to be calibrated.
3. Coupling the estuary box model with an eddy resolving re-gional ocean model
Fig. 2 shows the computational domain of the regional oceanmodel (Verri et al., 2018) used in this study, based on the three-dimensional finite difference code NEMO v3.4 (Madec, 2008). Themodel grid covers the central Mediterranean Sea with a horizontalresolution of about 2.2 km (2.5 km in the meridional direction and1.7–2.2 km in the zonal direction). The vertical discretization consistsof 121 unevenly spaced z-levels with increased resolution at the topand the bottom and partial cells at the bottom.The eddy-resolving regional model is one-way nested in a 1∕16◦resolution, 72 levels, numerical ocean analysis and forecasting modelof the Mediterranean Sea (Oddo et al., 2009). The robustness of thismodel has been demonstrated in Verri et al. (2018) who provide aninterannual comparison with in situ and satellite observations in theopen sea. Verri et al. (2018) follow Oddo et al. (2005) approach where
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Fig. 2. Top panel: The regional model computational domain. Shaded colours show the bathymetry. Panel A: Zoom on Po ROFI bathymetry. Edged red cells are the Po rivermouths. Panel B: Zoom on Ofanto ROFI bathymetry. Edged red cell is the Ofanto mouth. Panel C: The regional ocean model domain with: black isolines showing the bathymetryvalues, red lines defining the Adriatic sub-regions and the Ionian Sea, blue stars and arrows indicating the represented river mouths. Panel C picture is from Verri et al. (2018).
the runoff salinity is taken to have ad hoc values, based upon heuristicreasoning. In this paper we remove the ad hoc assumptions about thesalinity at the river mouth.As the rivers are not explicitly represented as lateral open boundaryconditions, due to the coarse resolution of the eddy resolving regionalocean model, the riverine inputs of volume and salinity are treated asboundary conditions for the vertical velocity and the vertical diffusivesalinity flux at the sea surface (Beron-Vera et al., 1999; Tseng et al.,2016). A detailed explanation of the formulation used by NEMO forthe riverine release as surface boundary conditions is provided inAppendix B.Given the upper layer volume outflow, 𝑄𝑒𝑏𝑚𝑢𝑙 , and the upper layersalinity 𝑆𝑒𝑏𝑚𝑢𝑙 , both computed by the EBMs, the surface boundary con-ditions for the vertical velocity and the diffusive salt flux are writtenas:
𝑤 |||𝑧=𝜂= 𝜕𝜂𝜕𝑡 + 𝑢ℎ |||𝑧=𝜂 ⋅∇ℎ𝜂 + (𝐸 − 𝑃 −𝑄𝑒𝑏𝑚𝑢𝑙 ∕𝐴) (9)
𝑘𝑣
𝜕𝑆
𝜕𝑧
|||𝑧=𝜂= (𝐸 − 𝑃 )𝑆(𝜂) + 𝑄𝑒𝑏𝑚𝑢𝑙𝐴 𝑆𝑒𝑏𝑚𝑢𝑙 (10)
where 𝑤 |||𝑧=𝜂 is the vertical velocity at the sea surface, 𝜂 is the seasurface elevation, 𝑢ℎ is the horizontal velocity at the sea surface, 𝐸 isthe evaporation rate (units of m/s), 𝑃 is the precipitation rate (units ofm/s), 𝐴 is the horizontal area of the sea grid cell corresponding to theriver mouth, and 𝑘𝑣 is the vertical diffusivity coefficient. The 𝑆𝑒𝑏𝑚𝑢𝑙 andthe 𝑄𝑒𝑏𝑚𝑢𝑙 are prescribed at river mouth grid points which approximatethe river mouth positions.
4. Case studies
The Ofanto river highly stratified estuary. We chose the funnel-shapedestuary of the Ofanto river as our first case study. This ‘‘semi-perennial’’river flows through Southern Italy and ends in the Southern AdriaticSea (Fig. 2 and top panel Fig. 3). The mean annual runoff is 14.92
m3 s−1 (Raicich, 1996) and the mean annual tidal amplitude recordedat the tidal gauge closest to the river mouth is 0.04 m (Guarnieri et al.,2013).
We performed several experiments using the three EBMs withriver runoff, 𝑄𝑟𝑖𝑣𝑒𝑟, from a simulation performed with the WRF-Hydromodel (Verri et al., 2017), as no observations were available at theestuary head. The period of interest chosen was January–March 2011,which was characterized by a high river discharge and two floodingevents (bottom panel of Fig. 3).In order to characterize the stratification of the Ofanto river, weestimated the ‘‘flow ratio’’ parameter 𝐹 (Fischer et al., 1979) for theperiod of simulation:
𝐹 = 𝑢𝑡𝑖𝑑𝑒𝑓∕𝑢𝑟𝑖𝑣𝑒𝑟 = 0.02 (11)where 𝑢𝑡𝑖𝑑𝑒𝑓 is the averaged flood tide velocity computed by the OTPSsystem and 𝑢𝑟𝑖𝑣𝑒𝑟 is the mean river streamflow modelled at the estuaryhead. Values of 𝐹 less than 0.1 are classified as highly stratified, thusthe Ofanto estuary is a ‘‘sharply stratified’’ estuary.The geometrical parameters of the Ofanto estuary are: the estuarywidth, 𝐿𝑦 = 25 m; the estuary depth, 𝐻 = 5 m; and the estuary length,
𝐿𝑥 = 1 km which are kept equal for all the three EBMs. The estuarylength 𝐿𝑥 complies with the results of a monitoring campaign thatestimated the length of the salt intrusion to be about 1 km upstreamof the Ofanto mouth (personal communication of the Water ResearchInstitute of the National Research Council, CNR-IRSA). The UCONN-NCAR EBM requires additional parameters. We extracted the tidalperiod, 𝑇 , and the tidal amplitude, 𝑎𝑡𝑖𝑑𝑒, from Guarnieri et al. (2013),while the bottom drag coefficient 𝐶𝑑 , the tidal mixing efficiency 𝜖, theshear mixing efficiency 𝛾 and the entrainment constant at the layerinterface 𝛼 are the values used in the literature (Sun et al., 2017).The salt and volume of the inflowing ocean water, i.e. 𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 and
𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 , are computed as volume weighted averages of the ocean modelgrid points, three by three grid points in the horizontal and threevertical grid levels from the bottom, surrounding the approximateposition of the Ofanto river mouth. In detail, the mesoscale generalcirculation model considers a minimum depth at the coasts of 5 metersand it considers six levels for this depth. The lowest three model levelsare inside the lower layer of the EBM model, i.e. from 2.5 m to 5 mdepth.Two additional fields are required by the CMCC EBM, i.e. the floodtide velocity 𝑢𝑡𝑖𝑑𝑒𝑓 and the depth averaged ocean salinity 𝑆𝑜𝑐𝑒𝑎𝑛. The
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Fig. 3. The Ofanto river case study. Top-left panel: the map of the river outlet and estuary geometry (Google Earth image). The green line is the box width, 𝐿𝑦. The red lineestimates the estuary length, 𝐿𝑥. Top-right panel: Sketch of the Ofanto estuary Box. Bottom panel: time series of the runoff at the estuary head as simulated by WRF-Hydro modelduring January–March 2011.
former is provided by the OTPS system, as described in Section 2; thelatter is a spatially weighted average covering all the vertical levels ina three by three grid point area. An overview of the EBMs settings forthe Ofanto estuary case is provided in Table 1.
The Po river partially mixed delta. The second case study is the delta-shaped estuary of the Po river. This is the main freshwater source of thecentral Mediterranean Sea and the second in the whole Mediterraneanbasin. The mean annual runoff is 1492 m3 s−1 (Ludwig et al., 2009) andthe mean annual tidal amplitude recorded at the tidal gauge closest tothe river mouth is 0.09 m (Guarnieri et al., 2013). Near the mouth, theriver network creates a wide delta with hundreds of small channels andnine main branches. The map of the river delta is given in Fig. 4.A set of experiments to represent both the estuarine dynamics andthe ROFI dynamics of the Po river were performed from Januaryto June 2009. This period was chosen according to the observationavailability close to the river mouths. The estuary head runoff, 𝑄𝑟𝑖𝑣𝑒𝑟, isprovided by the observations at the Pontelagoscuro station. This timerange includes a major flood event on May 2nd with a recorded runoffexceeding 8000 m3∕s (Fig. 4).Fischer’s ‘‘flow ratio’’ (11) for the Po river is 0.43. This means thatthe Po estuary is a ‘‘partially mixed’’ estuary: the tidal flow is com-parable with the river flow and the induced vertical mixing smoothsthe salinity gradient, although the stratification of the exchange flowpersists over a whole tidal cycle. The representation of the estuarinedynamics as a two-layer exchange flow is therefore still reasonable.We considered the inflowing tidal velocity at the river mouth, 𝑢𝑡𝑖𝑑𝑒𝑓 ,as given by OTPS and the river streamflow velocity at the estuary head,
𝑢𝑟𝑖𝑣𝑒𝑟, as provided by Pontelagoscuro station.Given the relatively coarse resolution of our ocean model, it is notreally possible to distinguish 𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 affecting one mouth with respect tothe other. Thus we decided to take a box model for all the Po rivermouths together. In the future, if the resolution of the regional modelwill increase 𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 will be different at different Po river branches anddifferent EBMs could be applied to each of them.
Table 1EBMs settings for the Ofanto estuary and the Po delta cases.EBM Ofanto estuary Po delta
Knudsen EBM
Geometry coefficients 1000, 25, 5 20 000, 20 000, 5
𝐿𝑥, 𝐿𝑦, 𝐻 (m)Runoff forcing WRF-Hydro model Pontelagoscuro station
𝑄𝑟𝑖𝑣𝑒𝑟 (m3 s−1)Ocean forcings NEMO regional model NEMO regional model
𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 (psu), 𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 (m s−1)UCONN-NCAR EBM
Geometry coefficients 1000, 25, 5 20 000, 20 000, 5
𝐿𝑥, 𝐿𝑦, 𝐻 (m)Tidal coefficients 44 712, 0.04 44 712, 0.09
𝑇𝑡𝑖𝑑𝑒 (s), 𝐴𝑡𝑖𝑑𝑒 (m)Physical coefficients 0.2, 0.002, 0.01 0.2, 0.002, 0.01
𝜖, 𝛾, 𝛼
Runoff forcing WRF-Hydro model Pontelagoscuro station
𝑄𝑟𝑖𝑣𝑒𝑟 (m3 s−1)Ocean forcings NEMO regional model NEMO regional model
𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 (psu)CMCC EBM
Geometry coefficients 1000, 25, 5 20 000, 20 000, 5
𝐿𝑥, 𝐿𝑦, 𝐻 (m)Physical coefficient 0.035 0.035
𝑐𝑘 =
𝐾𝑆𝐻
𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓Runoff forcing WRF-Hydro model Pontelagoscuro station
𝑄𝑟𝑖𝑣𝑒𝑟 (m3 s−1)Ocean forcings NEMO regional model NEMO regional model
𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 , 𝑆𝑜𝑐𝑒𝑎𝑛 (psu), 𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 (m s−1)Tidal forcing OTPS model OTPS model
𝑢𝑡𝑖𝑑𝑒𝑓 (m s−1)
The simplified set-up of the Po delta consists of an estuary box withlength 𝐿𝑥 = 20 km, width 𝐿𝑦 = 20 km, and depth 𝐻 = 5 m. The
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Fig. 4. The Po river case study. Top-left panel: the map of the delta geometry (Google Earth image) and the river mouths, i.e. Po di Maistra, Po della Pila (which splits into Podi Tramontana, Po di Dritta, Po di Scirocco, Po di Bonifazi and Po di Bastimento), Po di Tolle, Po di Gnocca, and Po di Goro (yellow markers). The combined width of all the Pomouths gives the box width, 𝐿𝑦. The red line estimates the estuary length, 𝐿𝑥. The red markers off are the ISMAR and ArpaE buoy positions. The blue marker is the Manufattobuoy position. Top-right panel: Sketch of the Po delta Box. Bottom panel: time series of the runoff at the head of the estuary as recorded by Pontelagoscuro gauge station duringJanuary–June 2009.
estuary length 𝐿𝑥 complies with the results of a monitoring campaignthat estimated the length of the salt intrusion to be about 20 kmupstream of Po di Dritta mouth, i.e. the easternmost mouth at the delta(personal communication of the Regional Agency for the Environmentalprotection, ArpaE). The estuary width 𝐿𝑦 is taken as a combined widthof all of the Po mouths. The estuary depth 𝐻 is calculated as thebathymetry of the surrounding sea cells of our eddy resolving regionalocean model. Regarding the UCONN-NCAR EBM, the tidal coefficients(i.e. the tidal period, 𝑇 , and the tidal amplitude 𝑎𝑡𝑖𝑑𝑒) are based onobservations following Guarnieri et al. (2013). The other coefficientsfollow the reference values given by Sun et al. (2017), as in the Ofantoriver case.The salt and volume flux of the inflowing ocean water, 𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 and
𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 , are computed as volume weighted averages for the lowest 3vertical levels of the ocean model and a three by three grid point areaaround the mouth of Po di Dritta. The additional fields required by theCMCC EBM, i.e. the flood tide velocity 𝑢𝑡𝑖𝑑𝑒𝑓 and the depth averagedocean salinity 𝑆𝑜𝑐𝑒𝑎𝑛, are computed as with the Ofanto river. The upperlayer volume flux from the EBM, 𝑄𝑒𝑏𝑚𝑢𝑙 , is distributed among the deltamouths (following the percentages in Provini et al. (1992)) whichcorrespond to different grid points in the ocean model. An overviewof the EBMs settings for the Po delta case is provided in Table 1.
5. Salinity and volume flux estimates from the EBMs
In this section the experiments performed with the three EBMsare compared and evaluated for the Ofanto and Po river study cases.Table 2 summarizes the order of magnitude of the volume fluxesentering the estuary box. The CMCC EBM shows the largest ocean waterintrusion for the Ofanto and Po rivers due to the calculation of 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙from the ocean model velocities. For the 𝑄𝑜𝑐𝑒𝑎𝑛𝑡𝑖𝑑𝑒𝑓 differences are evidentonly for the Ofanto.Fig. 5 shows the salinity (top panel) and volume flux (bottom panel)of the outflowing estuarine waters for the Ofanto. Similarly Fig. 6 refers
Table 2Order of magnitude of the volume fluxes estimated for the three EBMs.Volume fluxes (m3 s−1) Ofanto river Po river
𝑄𝑟𝑖𝑣𝑒𝑟 10 103CMCC-EBM 1 103
𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 UCONN-EBM 10−2 1Explicit Estuary 1
CMCC-EBM 10−1 103
𝑄𝑜𝑐𝑒𝑎𝑛𝑡𝑖𝑑𝑒𝑓 UCONN-EBM 1 103
to the Po. In all the panels of Figs. 5 and 6 the green line time-seriesshow the salinity and the volume flux used in Verri et al. (2018) to forcethe eddy resolving regional ocean model at the river mouths. The watervolume fluxes are monthly climatologies for the Ofanto river (Raicich,1996) and daily means observed at Pontelagoscuro station for the Poriver. The salinity values are taken to be constant, i.e. 15 psu for theOfanto and 17 psu for the Po river. We call both the salinity and volumefluxes from Verri et al. (2018) climatological estimates.The salinity computed by Knudsen’s EBM (blue lines in the toppanels of Figs. 5 and 6) often drops to zero over several days forboth case studies. This is an unreasonable result and reveals the majorweakness in Knudsen’s model which does not include tidal effects: theoutflowing water salinity is equal to the zero salinity values at theestuary head if there is no lower layer inflow of salty waters from theocean.For the Ofanto (Fig. 5), there are no significant differences betweenUCONN and CMCC EBMs in both discharge and outflowing salinityexcept for a few days. To note that the discharge time series of Knudsenand CMCC EBM are nearly overlapped as the tidal volume flux is notrelevant for this case study. Moreover, the discharge time series ofUCONN-NCAR EBM almost overlaps the inflowing volume flux at theestuary head (the orange line). This is due to the fact that the lower
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Fig. 5. Outflowing salinity 𝑆𝑒𝑏𝑚𝑢𝑙 (upper panel) and volume flux 𝑄𝑒𝑏𝑚𝑢𝑙 (lower panel) of the Ofanto EBMs. The green lines are the climatological estimates following Verri et al.(2018). For completeness, the estuary head runoff by WRF-Hydro has been added in the lower panel. This overlaps the UCONN-NCAR EBM volume flux.
Fig. 6. Outflowing salinity 𝑆𝑒𝑏𝑚𝑢𝑙 (upper panel) and volume flux 𝑄𝑒𝑏𝑚𝑢𝑙 (lower panel) of the Po EBMs. The green lines are the salinity climatological estimate and the observedvolume flux following Verri et al. (2018). The black line in the upper panel refers to the Manufatto gauge station.
layer ocean volume inflow and the tidal volume flux are both foundto be small in UCONN-NCAR EBM (see Table 2). On the other handthe UCONN-NCAR EBM shows a relevant role of the tidal pumpingparameterization which ensures the outflowing salinity is not far fromthe CMCC EBM one despite the orders of magnitude difference in theocean volume inflows.For the Po (Fig. 6), UCONN-NCAR and CMCC EBMs radically differin terms of both salinity and discharge: a higher salinity and volumeflux of the outflowing estuarine water was simulated by the CMCCEBM. The CMCC EBM shows a stronger intrusion of the salty waters
at the bottom of the estuary mouth as shown in Table 2. Moreover thetwo models solve the tidal pumping and the tidal mixing processes indifferent ways, which become particularly evident in the Po as this isa partially mixed estuary with strong tidal effects.The additional comparison with the observed salinity (black time-series) in Fig. 6 shows that the CMCC EBM outperforms the othermodels. To note that the observations refer to a gauge station locatedclose to the Po di Goro outlet (Fig. 4) but in a secondary channel.Starting from the definition of the gradient Richardson number,
𝑅𝑖 = 𝑁
2
(𝑑𝑢∕𝑑𝑧)2 =
𝑔
𝜌0
𝑑𝜌∕𝑑𝑧
(𝑑𝑢∕𝑑𝑧)2 , the time series of 𝑅𝑖 has been computed as
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Fig. 7. Time series of the gradient Richardson number in the estuary box of the Ofanto river (upper panel) and the Po river (lower panel). The blue line, Ri = 0.25, is thewell-known onset for mixing. The upper panel shows a semi-log plot because the Ofanto river is a highly-stratified estuary.
follows: 𝑅𝑖𝑒𝑏𝑚 = 𝑔𝜌0 𝑑𝜌𝑑𝑧( 𝑑𝑢𝑑𝑧 )2 =
𝑔 𝑘𝑠𝜌0
𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 −𝑆
𝑒𝑏𝑚
𝑢𝑙
𝐻∕2(
𝑢𝑜𝑐𝑒𝑎𝑛𝑙𝑙 +2𝑢𝑡𝑖𝑑𝑒𝑓 −𝑢
𝑒𝑏𝑚
𝑢𝑙
𝐻∕2
)2 with the assumption that
the density is a linear function of the salinity and 𝑘𝑠 = 7.7 ∗ 10−4 psu−1.The time series of 𝑅𝑖𝑒𝑏𝑚 in Fig. 7 shows that in both the Po andOfanto, UCONN-NCAR EBM reaches higher values than CMCC EBM,thus suggesting that turbulent mixing across the stratification is weakerin UCONN-NCAR than in the CMCC EBM.
6. Effects of the different EBMs on the ROFI
The river volume fluxes and salinities computed by UCONN-NCARand CMCC EBM were imposed in two simulations of our eddy resolvingregional ocean model, one focused on the Ofanto ROFI area and theother in the Po ROFI. In both cases, the model covers the whole areadepicted in Fig. 2, however the timing of the experiments is differentas explained in the previous section.For the Ofanto ROFI, four experiments were carried out: a ‘‘clima-tological’’ experiment based on the ocean model forced at river mouthsby climatological runoff and a constant salinity of 15 psu. Two otherexperiments were performed by coupling the ocean model with theCMCC EBM and the UCONN-NCAR EBM volume and salinity fluxes(Fig. 5). A fourth experiment, referred to as the ‘‘explicit estuary’’, wasperformed with the eddy resolving regional ocean model by modifyingthe model coastline to include 10 km inlet simulating the Ofanto estu-ary. This ‘‘explicit estuary’’ experiment is forced at the inlet head withthe runoff computed by the hydrological modelling system describedby Verri et al. (2017) and with salinity equal to zero. This experiment
is a coarse representation of the Ofanto estuary geometry and it allowsfor the salt intrusion to occur due to the physics of the eddy resolvingmodel. It is indeed a coarsely resolved estuary (the horizontal modelresolution is around 2 km) but it contains 6 vertical levels where thesalt intrusion can develop. Thus, it is considered our control or mostrealistic scenario for the Ofanto estuary, to be used for comparisonwith the other three experiments because no observational data wereavailable in the ROFI area.Fig. 8 shows the daily sea surface salinity in the Ofanto ROFI duringan upwelling wind regime for the western coast of the Adriatic basin,which promotes the development of the Ofanto plume. The coupledEBMs and ocean models, represent a well-defined river plume, areclose to the benchmark experiment and outperform the climatologicalexperiment, which is unable to reproduce the plume. Moreover, theestimate of the 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 from the ‘‘explicit estuary’’ experiment has beencomputed (Table 2). It shows the same order of magnitude of the CMCCEBM one, not UCONN-NCAR.For the Po ROFI, three experiments were carried out: a clima-tological experiment with the eddy resolving regional ocean modelforced by the Pontelagoscuro runoff and a constant salinity of 17 psu,and two experiments with the ocean model forced by the outflowingsalinity and volume outflow computed by the CMCC and UCONN-NCAREBMs (Fig. 6). Fig. 9 shows the daily sea surface salinity during anupwelling wind event, which supports the offshore spreading of the Poplume. The experiments performed by coupling the EBMs with the eddyresolving regional ocean model represent a well-defined plume, whilethe climatological approach shows a much weaker development.
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Fig. 8. Daily SSS (psu) of the Ofanto ROFI when upwelling wind regime (black arrows), i.e. on March 3rd 2011. TopLeft: Exp1, NEMO with explicit estuary set-up. TopRight:Exp2, NEMO with climatological river release. BottomLeft: Exp3, coupled UCONN-NCAR EBM + NEMO BottomRight: Exp4, coupled CMCC EBM + NEMO.
Fig. 9. Daily SSS (psu) of the Po ROFI when upwelling wind regime (black arrows), i.e. on May 20th 2009. Left: Exp1, NEMO with climatological river release. Middle: Exp2,coupled UCONN-NCAR EBM + NEMO. Right: Exp3, coupled CMCC EBM + NEMO. Dots and arrows indicate the locations of Po di Goro mouth and ISMAR and ARPAE buoys.
Table 3Statistical indices for validation of the salinity by comparison with the ISMAR buoy.RMSE = root mean square error, CORR = time correlation.Statistics on salinity RMSE BIAS CORR
CMCC EBM + NEMO 4.05 +0.25 0.61UCONN EBM + NEMO 4.66 +0.61 0.49NEMO with Climatologies 5.06 +3.53 0.55
The validity of the model was evaluated by comparing the modelledsalinity with the observed salinity at two buoys maintained by theInstitute of Marine Sciences (ISMAR) and the Emilia Romagna Envi-ronmental Protection Agency (ArpaE). The ArpaE buoy is located 7km offshore of the Po di Goro mouth at a 1 m depth. The ISMARbuoy (Ravaioli et al., 2016) is 5 km offshore at a 1.7 m depth. The
Table 4Statistical indices for validation of the salinity by comparison with the ARPAE buoy.RMSE = root mean square error, CORR = time correlation.Statistics on salinity RMSE BIAS CORR
CMCC EBM + NEMO 4.45 +0.05 0.69UCONN EBM + NEMO 5.48 −2.06 0.67NEMO with Climatologies 6.67 +5.43 0.69
buoys are indicated in the top panel of Fig. 4 and in the middle panelof Fig. 9. The time series in Figs. 10 and 11 show the comparisons.The coupled system with CMCC EBM was found to provide the lowestroot mean square errors, as reported in Tables 3 and 4. Conversely, theclimatological experiment gave the largest errors. At the ISMAR buoy,the salinity skill of UCONN-NCAR EBM was similar to CMCC-EBM,however for the ArpaE buoy the CMCC EBM was better
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Fig. 10. Time series of observed and modelled salinity (psu) at ISMAR buoy. The gaps in the black line are missing observations.
Fig. 11. Time series of observed and modelled salinity (psu) at ArpaE buoy. The gaps in the black line are missing observations.
Fig. 12. Time series of observed and modelled salinity (psu) at ISMAR buoy by comparing the NEMO code with and without augmented vertical diffusivity at delta mouths.
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In order to understand some of the discrepancies between the modeland the observations shown in Fig. 10, we modified the vertical mixingparametrization near the river mouth. The development of river plumesis due to the outflowing river runoff and salinity and to a combinationof wind forcing, tidal forcing, Coriolis effect and vertical mixing nextto the river mouth (Kourafalou, 1999). In order to show the sensitivityof the Po plume to the vertical mixing in the ROFI area, we produced aspecific analysis around May 2nd, when both EBMs failed to reproducea correct value for the salinity in the plume with respect to the observedvalue (Fig. 10). The vertical mixing at the river mouth was increasedfor the CMCC-EBM case (an additional vertical eddy mixing coefficientis prescribed) and in Fig. 12 we show the new time series which betterreproduces the salinity for May 2nd with respect to the observed value.The lesson learned is that if we want to reproduce properly the riverplume dynamics, at least specific parametrizations of vertical mixingare required, especially during large runoff events.
7. Summary and conclusions
The aim of this study was the development of proper interfacesbetween mesoscale eddy-resolving models and estuaries in order tosimulate the ROFI dynamics. Sun et al. (2017) have already shownthe importance of using an Estuary Box Model (EBM) to estimateoutflowing salinities. In this study we presented a new EBM and wecompared it with Sun et al. (2017).We have proposed three different approaches for representing theestuarine dynamics: the Knudsen relations model, the UCONN-NCAREBM and our new model called CMCC EBM. The first two are a bench-mark for representing the estuarine dynamics and we use them as thestarting point of our investigation. The CMCC EBM aims at representingthe estuarine processes in a different way than the UCONN-NCAR EBMbecause it is developed for coupling with an eddy resolving oceannumerical model which could resolve the subsurface flow input tothe estuary. Furthermore, tidal volume flux contributes to the volumeconservation equation and tidal mixing is parameterized in a differentway to allow for partially mixed estuaries to be modelled.We tested the coupling of the different EBMs with an eddy resolvingregional ocean model covering the Adriatic Sea and for two differentriver dominated shelf areas: the highly stratified estuary of the Ofantoriver and the partially mixed delta of the Po river.The experiments prove that: (i) Knudsen’s relation is a too simpleapproach, (ii) the CMCC EBM results are close to the UCONN-NCAREBM for the Ofanto but differ for the Po where tides play a moresignificant role. The two EBMs are based on a different set of equationsand one of the most important differences is the representation of thetidal effects in terms of both tidal pumping and tidal mixing processes.One of the strengths of the CMCC EBM is that it includes only 4 tunableparameters, less than in UCONN-NCAR, which is desirable as mostestuaries are poorly monitored.The coupled EBM and ocean model experiments show how thecoastal dynamics are affected by the volume outflow 𝑄𝑒𝑏𝑚𝑢𝑙 and out-flowing salinity 𝑆𝑒𝑏𝑚𝑢𝑙 estimated by the EBMs. They prove that: (i)the CMCC EBM and UCONN-NCAR EBM coupled to a regional eddy-resolving model are capable of reconstructing river plumes and theyboth outperform the ‘‘climatological approach’’; (ii) the CMCC EBMcoupled system shows the lowest statistical errors compared to theobserved salinity at two buoys located off the mouths of the Po. Thesefindings encourage us to use the EBMs as main forcing submodelsin shelf areas instead of the classical climatological imposition of anad-hoc salinity value.Overall we conclude that modelling the estuarine dynamics as a2-layer exchange flow with tidally-averaged conservation equations is arelatively good representation of the exchange flow at the river mouth.The results of the EBMs could thus be used to appropriately forceglobal/regional ocean models on a daily scale.However, a weakness of all the EBMs discussed is the assumedsteady estuarine dynamics. The reconstruction of the intrusion of the
salt wedge in short temporal scales or the prediction of extreme events,e.g. the ‘‘blocking effect’’ in both directions due to storm surges orriver flooding and the ‘‘Mascaret’’ occurring during the flood tide phase,requires a more sophisticated unsteady dynamics box model or thedirect modeling of the river estuary. To further develop the estuarinebox approach, the next step would be to consider the estuary length asa time-varying function of the river discharge and the tidal mixing. Weplan to evaluate the role of the heat flux in the estuary water exchangeby adding a temperature equation in the CMCC EBM and the windforcing.Finally, the near-mouth mixing processes as currently parameterizedby the ocean eddy resolving model deserve a dedicated study in orderto get the maximum benefit from the coupled EBM and ocean modelsystem.
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Appendix A. Governing equations of the CMCC EBM
We deduce (7) starting from the incompressible continuity equation:
∇ ⋅ 𝑢 = 0 (12)
Considering the volume integral over the estuary box we obtain:
∫ ∫ ∫𝑉 ∇ ⋅ 𝑢𝑑𝑉 = ∫ ∫𝑆 𝑢 ⋅ ?̂?𝑑𝑆 = 0 (13)where ?̂? is unit normal field pointing outward the surface 𝑆 boundingthe estuary volume. In the box model, the sections at the estuary mouthand head are the only open lateral boundaries, as shown in Fig. A.1.We assume the estuarine box to have equal layer thicknesses between
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the surface and 𝐻 depth. Furthermore we assume that the river inflowoccurs only in the upper layer, at the head section. Thus (13) becomes:
∫
𝐻
𝐻∕2 ∫𝑑𝑦 𝑢
𝑒𝑏𝑚
𝑢𝑙 ⋅ ?̂? 𝑑𝑧 𝑑𝑦 − ∫
𝐻
𝐻∕2 ∫𝑑𝑦 𝑢𝑟𝑖𝑣𝑒𝑟 ⋅ ?̂? 𝑑𝑧 𝑑𝑦 +
−∫
𝐻∕2
0 ∫𝑑𝑦 𝑢
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 ⋅ ?̂? 𝑑𝑧 𝑑𝑦 − ∫
𝐻
0 ∫𝑑𝑦 𝑢
𝑜𝑐𝑒𝑎𝑛
𝑏𝑎𝑟𝑜 ⋅ ?̂? 𝑑𝑧 𝑑𝑦 = 0
𝑄𝑒𝑏𝑚𝑢𝑙 −𝑄𝑟𝑖𝑣𝑒𝑟 −𝑄
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 −𝑄
𝑜𝑐𝑒𝑎𝑛
𝑡𝑖𝑑𝑒𝑓
= 0 (14)
where the last term on the LHS of the two equations is the barotropicocean water inflow driven by tides. We write the volume fluxes in (14)as follows:
𝑄𝑒𝑏𝑚𝑢𝑙 = 𝑢
𝑒𝑏𝑚
𝑢𝑙
𝐻
2
𝐿𝑦 (15)
𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 = 𝑢
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙
𝐻
2
𝐿𝑦 (16)
𝑄𝑜𝑐𝑒𝑎𝑛𝑡𝑖𝑑𝑒𝑓 = 𝐻𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓 (17)
𝑄𝑟𝑖𝑣𝑒𝑟 = 𝑢𝑟𝑖𝑣𝑒𝑟
𝐻
2
𝐿𝑦 (18)
where it is assumed that 𝑢𝑜𝑐𝑒𝑎𝑛𝑏𝑎𝑟𝑜 ⋅ ?̂? = 𝑢𝑡𝑖𝑑𝑒𝑓 is the velocity of the floodtide entering the estuary, weighted over the estuary depth. The 𝑢𝑡𝑖𝑑𝑒𝑓 iscomputed from the hourly outputs of the Oregon State University TidalPrediction Software (OTPS, Egbert and Erofeeva, 2002), considered asflood tide values if landward oriented and daily averaged. The outgoingtidal velocity during the ebb tide is embedded into the unknownestuarine water outflow 𝑄𝑒𝑏𝑚𝑢𝑙 thus it does not appear explicitly in theequations. Eq. (14) is the final volume conservation equation for theCMCC EBM, together with the definitions (15), (16), (17), and (18).The salinity equation, considered at steady state is written:
∇ ⋅ (𝑢𝑆) = 𝐾𝑆𝑥
𝜕2𝑆
𝜕𝑥2
+𝐾𝑆𝑦
𝜕2𝑆
𝜕𝑦2
+𝐾𝑆𝑧
𝜕2𝑆
𝜕𝑧2
(19)
where (𝐾𝑆𝑥 , 𝐾𝑆𝑦 ) and 𝐾𝑆𝑧 are the horizontal and vertical diffusivitycoefficients respectively. The volume integral of (19) reads:
∫ ∫ ∫𝑉 ∇ ⋅ (𝑢𝑆)𝑑𝑉 = ∫ ∫ ∫𝑉 𝐾𝑆𝑥
𝜕2𝑆
𝜕𝑥2
𝑑𝑉 (20)
The across-estuary and vertical diffusive salt flux does not appearexplicitly in the volume averaged salinity equation as a result of theinsulated boundaries at the surface, bottom and side walls. We assumethat the along-estuary diffusion of salinity is driven by the barotropictidal inflow. Thus the volume integral of (20) reduces to:
∫ ∫𝛺 𝑢𝑆 ⋅ ?̂?𝑑𝛺 = 𝐿𝑦𝐻 ∫
𝑥=−𝐿𝑥
𝑥=0
𝐾𝑆𝑥
𝜕2𝑆
𝜕𝑥2
𝑑𝑥 (21)
= 𝐿𝑦𝐻𝐾𝑆𝑥
[
𝜕𝑆
𝜕𝑥
]𝑥=−𝐿𝑥
𝑥=0
(22)
∼ 𝐿𝑦𝐻𝐾𝑆𝑥
𝑆(𝑥 = −𝐿𝑥) − 𝑆(𝑥 = 0)
−𝐿𝑥
= 𝐾𝑆𝑥𝐻
𝐿𝑦
𝐿𝑥
𝑆𝑜𝑐𝑒𝑎𝑛 (23)
where −𝐿𝑥 is the estuary head position, where salinity is zero, 𝑆(𝑥 =
0) = 𝑆𝑜𝑐𝑒𝑎𝑛 is the vertically integrated salinity at the estuary mouth.For the horizontal diffusivity coefficient we use (Banas et al., 2004),
𝐾𝑆𝑥 = 0.035𝐿𝑦 𝑢𝑡𝑖𝑑𝑒𝑓 .By considering the salinity fluxes at the estuary head and mouthcross sections, (20) can now be rewritten as follows:
∫
𝐻
𝐻∕2 ∫𝑑𝑦 𝑢
𝑒𝑏𝑚
𝑢𝑙 𝑆
𝑒𝑏𝑚
𝑢𝑙 ⋅ ?̂?𝑑𝑧𝑑𝑦
||||𝑥=0 − ∫
𝐻∕2
0 ∫𝑑𝑦 𝑢
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 𝑆
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 ⋅ ?̂?𝑑𝑧𝑑𝑦
||||𝑥=0 + (24)
−∫
𝐻
0 ∫𝑑𝑦 𝑆𝑜𝑐𝑒𝑎𝑛𝑢
𝑜𝑐𝑒𝑎𝑛
𝑏𝑎𝑟𝑜 ⋅ ?̂?𝑑𝑧𝑑𝑦
||||𝑥=0 = 𝐾𝑆𝑥𝐻 𝐿𝑦𝐿𝑥 𝑆𝑜𝑐𝑒𝑎𝑛with the following definitions:
∫
𝐻
𝐻∕2 ∫𝑑𝑦 𝑢
𝑒𝑏𝑚
𝑢𝑙 𝑆
𝑒𝑏𝑚
𝑢𝑙 ⋅ ?̂?𝑑𝑧𝑑𝑦
||||𝑥=0 = 𝑄𝑒𝑏𝑚𝑢𝑙 𝑆𝑒𝑏𝑚𝑢𝑙 (25)
∫
𝐻∕2
0 ∫𝑑𝑦 𝑢
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 𝑆
𝑜𝑐𝑒𝑎𝑛
𝑙𝑙 ⋅ ?̂?𝑑𝑧𝑑𝑦
||||𝑥=0 = 𝑄𝑜𝑐𝑒𝑎𝑛𝑙𝑙 𝑆𝑜𝑐𝑒𝑎𝑛𝑙𝑙 (26)
∫
𝐻
0 ∫𝑑𝑦 𝑆𝑜𝑐𝑒𝑎𝑛𝑢
𝑜𝑐𝑒𝑎𝑛
𝑏𝑎𝑟𝑜 ⋅ ?̂?𝑑𝑧𝑑𝑦
||||𝑥=0 = 𝐻𝐿𝑦𝑢𝑡𝑖𝑑𝑒𝑓 𝑆𝑜𝑐𝑒𝑎𝑛 (27)where the river salinity flux at the estuary head is assumed to be zeroand the other symbols have been previously defined. By replacing (25),(26), (27) in (24), we finally obtain (8).
Appendix B. Formulation of the surface salinity boundary condi-tion
The continuity and the salinity equations used in the regional eddyresolving ocean model of this paper are:
∇ ⋅ 𝑢ℎ +
𝜕𝑤
𝜕𝑧
= 0 (28)
𝜕𝑆
𝜕𝑡
+ ∇ℎ ⋅ (𝑢ℎ𝑆) +
𝜕𝑤𝑆
𝜕𝑧
= ∇ℎ ⋅ 𝐹𝐻𝑆 +
𝜕(𝐹 𝑉𝑆 )
𝜕𝑧
(29)
where 𝐹𝑆 = (𝐹𝐻𝑆 , 𝐹 𝑉𝑆 ) is the (negative of) diffusive salt flux with thehorizontal components, 𝐹𝐻𝑆 = (𝐾ℎ 𝜕𝑆𝜕𝑥 , 𝐾ℎ 𝜕𝑆𝜕𝑦 ) and the vertical compo-nent 𝐹 𝑉𝑆 = 𝐾𝑣 𝜕𝑆𝜕𝑧 . The surface boundary conditions at 𝑧 = 𝜂 for Eqs. (28)and (29) read as follows (Beron-Vera et al., 1999; Tseng et al., 2016):
𝑤 |||𝑧=𝜂 − 𝜕𝜂𝜕𝑡 − 𝑢ℎ |||𝑧=𝜂 ⋅∇ℎ𝜂 = −𝑞𝑤 (30)
𝑆(𝜂)(𝑤 |||𝑧=𝜂 − 𝜕𝜂𝜕𝑡 − 𝑢ℎ |||𝑧=𝜂 ⋅∇ℎ𝜂) − 𝐹 𝑉𝑆 + 𝐹𝐻𝑆 ⋅ ∇𝜂 = −𝑞𝑤𝑆𝑤 +𝑄𝑠 (31)where
𝑞𝑤 = (𝑃 +𝑄𝑒𝑏𝑚𝑢𝑙 ∕𝐴 − 𝐸) (32)is the water volume addition at the air–sea interface considering thevolume flux 𝑄𝑒𝑏𝑚𝑢𝑙 from the EBMs to be inserted at the surface (A is thehorizontal area of the river mouth), 𝑆(𝜂) is the ocean model surfacesalinity, 𝑆𝑤 is the salt associated with the water specifically entering orexiting the sea by advection and 𝑄𝑆 is the salt entering or exiting byturbulent processes. Note that (30) and (31) admit both water and saltcrossing the surface, thus the sea surface is not a material surface withrespect to salt and water. Assuming that the horizontal diffusive saltflux ⃗𝐹𝐻𝑆 is negligible with respect to the vertical 𝐹 𝑉𝑆 and using (30) into(31), we rewrite the boundary condition for the salinity at the surface,i.e.:
𝐹 𝑉𝑆 = 𝐾𝑣
𝑑𝑆
𝑑𝑧
|||𝑧=𝜂= −𝑞𝑤𝑆(𝜂) + 𝑞𝑤𝑆𝑤 −𝑄𝑠 (33)We assume:
𝑞𝑤𝑆𝑤 = (𝑃 − 𝐸)𝑆𝐸𝑃 +𝑄𝑒𝑏𝑚𝑢𝑙 ∕𝐴 𝑆
𝑒𝑏𝑚
𝑢𝑙 (34)and
𝑄𝑠 = −𝑄𝑒𝑏𝑚𝑢𝑙 ∕𝐴 𝑆(𝜂) (35)In (34) we consider the salinity of evaporation and precipitation tobe zero, i.e. 𝑆𝐸𝑃 = 0 while the turbulent salinity flux (35) considersthe dilution due to the runoff term. At the surface of a river mouth,salinity is a mixture of upstream river freshwaters and the marinewaters entering the estuary, as computed by the box models of thispaper. The surface salinity values at the river mouth are then differentfrom the values in areas just offshore the river mouth.In a lateral open boundary condition framework, rivers have a netdilution effect because the entering surface waters have lower salinitiesthan in the offshore. In a closed lateral boundary condition framework,using the surface salt boundary condition (33), rivers dilution effectsare parameterized with (35).Using (34) and (35) in (33) we obtain the used salinity boundarycondition:
𝐾𝑣
𝜕𝑆
𝜕𝑧
|||𝑧=𝜂= (𝐸 − 𝑃 )𝑆(𝜂) +𝑄𝑒𝑏𝑚𝑢𝑙 ∕𝐴 𝑆𝑒𝑏𝑚𝑢𝑙 (36)
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Fig. A.1. Schematic representation of the estuary box: 2-layer rectangular box with constant width 𝐿𝑦, length 𝐿𝑥, and depth 𝐻 . Shaded cross sections are the open boundaries.The mouth of the estuary box is defined at the origin of the 𝑥-axis with its positive toward the ocean. The vertical 𝑧-axis is defined positive upward with the origin at the bottomof the estuary mouth.
The salt conserving formulation of (33) in the river closed lateralboundary condition context, i.e. the natural boundary condition ap-proach, considers the subtraction of the salt entering at the surface inthe subsurface (see Tseng et al., 2016).
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